The ferromagnetic to nonferromagnetic (α-β) phase transition in epitaxial MnAs layers on GaAs(100) is studied by x-ray magnetic circular dichroism and x-ray magnetic linear dichroism photoemission electron microscopy in order to elucidate the nature of the controversial nonferromagnetic state of β-MnAs. In the coexistence region of the two phases the β phase shows a clear XMLD signal characteristic of antiferromagnetism. The nature and the possible causes of the elusiveness of this magnetic state are discussed.
1(b)], usually described as paramagnetic (PM), has been the subject of considerable controversy.
The controversy started with the suggestion of Guillard 2 that the β phase is antiferromagnetic (AFM) because of the increase of the susceptibility with temperature, dramatically violating the Curie-Weiss law characteristic for paramagnetism. Subsequent neutron diffraction studies, however, could not detect AFM long range order, 3 thus apparently eliminating Guillard's proposal. In the search for an explanation of the anomalous magnetic behavior a number of proposals have been made. Bean and Rodbell 4 developed a thermodynamic theory within the molecular field approximation involving a strain dependence of the exchange energy with which they could explain the first-order FM-PM α-β transition. Goodenough et al. 5 introduced a model in which the crystal changed from a high spin state in the α phase to a low spin state in the β phase which allowed them to give a qualitative explanation of the temperature dependence of the susceptibility. Earlier Kittel 6 had already suggested an exchange inversion model in which the abrupt volume change during the phase transition is connected with a change of the sign of the exchange constant via exchange magnetostriction. None of these models could explain all aspects of the two phases and of the transition between them. For example, neutron diffraction studies showed that the β phase is not a low spin phase. 7 Other neutron diffraction data indicated that there are spin correlations within distances of less than 20 Å (Ref. 8) but not with AF coupling between nearest neighbors as suggested earlier. 9 Recent polarized neutron scattering experiments 10 found magnetic correlations which indicate ferromagnetic short range order in the β phase and also in the high temperature paramagnetic hexagonal γ phase. Nevertheless, it was widely accepted that the β phase is paramagnetic. All these studies were made on bulk material. A new phase in the study of MnAs started when Tanaka et al. 11 succeeded to grow epitaxial MnAs layers on GaAs(100). Soon other groups also grew and studied these layers and one of them 12 made an important observation: when the films were cooled in a magnetic field ("field cooled") from high temperatures below the α-β transition temperature their hysteresis curve was asymmetric, i.e., it showed an exchange bias typical for FM/AFM interfaces. This was attributed to strain-stabilized AFM β-phase inclusions in the α phase. The exchange bias field H E which is the measure of the asymmetry of the hysteresis curve approached a constant value at low temperature but went rapidly to zero in the α-β transition region. The exchange bias in fieldcooled layers was recently confirmed again at room temperature. 13 Most of the work on the epitaxial MnAs film, however, was concentrated on the ferromagnetic α phase, which is now well understood, mainly due to the many multimethod studies of the Däweritz/Ploog group as documented in an extensive recent review by Däweritz. 14 In nearly all of this work including a very recent study 15 
II. EXPERIMENT
The most direct way to search for AFM is x-ray magnetic linear dichroism (XMLD) The ferromagnetic regions are imaged by x-ray magnetic circular dichroism photoelectron emission electron microscopy (XMCDPEEM). Here also the secondary electrons produced during the filling of the 2p core hole are used for imaging but the contrast mechanism is quite different. It is based on the difference in the density of unfilled d states available for the photoexcited 2p core electron. Depending on the helicity (right or left circular polarization) of the incident light, transitions into the minority or majority states are dominant, resulting in a corresponding difference in the secondary electron emission.
In the present study both magnetic imaging methods were combined with low energy electron microscopy (LEEM) and low energy electron diffraction for structural characterization.
More about these imaging techniques can be found in the corresponding chapters in Ref. 21 . The experiments were performed in the two spectroscopic photoemission LEEM (SPELEEM) systems at the nanospectroscopy beamline of the synchrotron radiation facility ELETTRA in Trieste, Italy. One of the instruments, which has a 60° beam separator, is described in Ref. 
III. RESULTS
We begin with a brief overview of some of the results from our previous XMCDPEEM studies of the α phase that are relevant for the present study. In the coexistence range of the two phases the strain relaxation causes the formation of stripes whose periodicity depends linearly on thickness in the thickness range studied (20-500 nm) and whose relative width depends on temperature. 
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In the present study the samples could not be cooled. Thus, only experiments from room temperature upwards could be made. temperature. The data were taken from LEEM images in which the stripe structure produces a phase contrast due to the height differences between ferromagnetic and paramagnetic stripes.
In the images shown in Fig. 5 the plane of incidence of the photon beam was normal to the stripe direction, which gives only partial information on the direction of Ā. Its full characterization can be obtained by rotating the sample 90°. This was done with the 120 nm thick film. Analysis of all four component images gave tilt angles of Ā of about 40° to the film normal and to the magnetic easy axis of the FM stripes ( [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ). The small XMLD signal and signal-to-8 noise level in the difference images of the 120 nm thick film cause a large uncertainty in these values, so that they should be considered as preliminary.
FIG. 5. XMCDPEEM (left) and XMLDPEEM (right) images of 300 nm (top) and 120 nm
(bottom) thick MnAs layers on GaAs(100) at room temperature. Field of view is 5 µm.
The temperature dependence of the AFM signal was studied in both films and is illustrated in the XMLDPEEM images of Fig. 6 for the 300 nm thick film, together with the corresponding XMCDPEEM images. Again the correlation between the images on top and on the bottom is clearly seen. In the XMLDPEEM images the intensity in the AFM stripes decreases with temperature simultaneously with the decrease of the width and contrast of the FM stripes,
i.e., with the magnetic field acting on them. Again, the low signal-to-noise ratio causes large error bars, but to a first approximation the AFM signal decreases linearly and disappears together with the FM regions at the α-β transition temperature. The temperatures shown in Fig. 6 have a small systematic error and should be considered only as relative values. It is interesting to note that some very weak stripe contrast can be seen at much higher temperatures (about 100 °C) which is not understood at present and needs further study. It should be noted that the films were not 9 exposed to an external magnetic field during cooling so that the "PM" stripes were only in the field of the FM stripes which is predominantly in-plane perpendicular to the stripes. 
IV. DISCUSSION
The XMCDPEEM results reported in the previous section clearly show that the "PM" stripes in the coexistence region of the β and α phases are AFM with a tilted magnetic axis, even in the absence of an applied magnetic field during cooling. However, the observation that a clear AFM signal is seen only in the presence of the α phase suggests that the PM phase becomes AFM only in the presence of a magnetic field. The magnetization studies in which an exchange bias was observed only upon field cooling but not in the absence of an applied field 12,13 point in the same direction. The apparent discrepancy between the two types of studies can be explained as follows. Without an applied field during cooling the two sides of the FM stripes have with equal probability the magnetization pointing to the right and to the left, as illustrated in the 10 XMCDPEEM images shown in Fig. 7 . Accordingly the alignment of the AFM regions at the FM/AFM boundary induced by the magnetic field of the FM stripes will also be equally probable in both directions. As a result the asymmetry of the interface pinning, which is necessary for exchange bias to occur, will be lost. During cooling in an applied field all FM stripes are magnetized in the same direction and as a consequence also all AFM regions at the FM border, producing the necessary asymmetry. In XMLDPEEM no interface pinning is needed, only a preferred direction of the AFM domains. 
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However, the thermal energy at 350 K is 30 meV, so that configuration C with AFM coupling in both directions has also a finite probability.
From these data the following picture emerges of the AFM structure if it exists: it consists of domains with spin configuration B separated from each other by domain walls with spin configuration C which may be considered as stacking faults of configuration B. This is similar to the disorder proposed in Ref. 18 . As far as the "if" is concerned it must be pointed out that Ref.
18 concludes that β-MnAs is AFM, based on the considerably higher energy of the PM phase, while Ref. 19 concludes that β-MnAs is PM, based on the result that at the experimental lattice dimensions E AFM is considerably larger than E FM and comparable to E PM which has a minimum at these dimensions. The AFM configuration is favored only at lattice distortions that are considerably larger than the experimentally observed one. The discrepancy between the two conclusions has been attributed to the assumption of zero magnetic moment of the Mn atoms in the PM state in Ref. 18 . 25 Thus from the point of the theory, β-MnAs must be considered to be PM at present, at least in the bulk. It could be argued that the large strain in epitaxial layers on GaAs could be the cause of AFM. However, precise synchrotron x-ray diffraction experiments 12 of the Mn positions along the b axis [ Fig. 1(c) ] could occur. However, they would have to be rather large in order to produce the lattice distortion needed for AFM to be favored according to Ref. 19 . In thick films the thermal stress is partially relaxed by cracks perpendicular to the b axis.
Another possibility for reconciliation of theory and experiment which does not involve different Mn basal plane positions in the bulk and in epitaxial layers is the fact that theory does not take into account lattice vibrations. Their importance is illustrated by the observation that anomalous changes in the lattice dynamics, which show strongly anisotropic vibration amplitudes with maximum amplitude approximately perpendicular to the zigzag chains, are more important than the static changes considered in the calculations. 27 Because the coupling constant J between the nearest neighbors in the chains is important for AFM coupling, these vibrations should have a significant influence on the coupling. Kittel 6 has already pointed out that the indirect spin-spin coupling via phonons plays an important role when the magnetocrystalline anisotropy is high, which is the case in MnAs.
The disappearance of AFM upon the transition to the high temperature γ phase may be caused by the breakup of the magnetic coupling by thermal fluctuations because the thermal energy at the transition temperature (110 meV) is significantly larger than the coupling constants.
This may be aided by the proliferation of magnetic domain walls, causing the disintegration of the domains. The breakup of the coupling is accompanied by the transition from anisotropic to isotropic vibrations, 27 which is an indication of the intimate relationship between spin-spin and spin-phonon couplings.
V. SUMMARY
We have shown unambiguously with XMLDPEEM that the β phase of epitaxial MnAs layers on GaAs(100) is antiferromagnetic at least in the α-β coexistence region, even in the absence of an external applied field during cooling. A comparison with the literature suggests that an applied field during cooling leads to a uniaxial alignment of nanoscopic antiferromagnetic domains in which the Mn atoms are coupled antiferromagnetically within the basal plane and ferromagnetically perpendicular to it. Antiferromagnetism is present only on the nanoscale so that the β phase may also be considered to be superparamagnetic similar to the state of nanoscale 13 ferromagnets. There are still many open questions, in particular, concerning the magnetic state between the α-β and the β-γ transitions in the absence of long range ferromagnetic order, concerning the size of the magnetically ordered regions and concerning the details of the influence of an applied field during cooling. Future x-ray magnetic dichroism and polarized x-ray scattering studies without and with an applied field and an improved polarized neutron scattering work over a wider temperature range will hopefully answer these questions.
